[bookmark: OLE_LINK1]The Advanced Accelerator R&D Program at ANL-HEP
W. Gai, S. Antipov*, M. E. Conde, C. Jing*, A. Kanareykin* W. Liu, and J.G. Power
Argonne National Laboratory

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Executive Summary. The Advanced Accelerator R&D group at ANL-HEP is developing the Science and Technology crucial to the global linear collider (GLC) concept. An energy frontier HEP machine requires high-power RF sources and distribution systems, high-acceleration gradients, scalability to high energy, and reasonable wall-plug efficiency.  The need for high luminosity requires further study of several fundamental beam physics issues including: high-brightness beam source generation and preservation, beam break up control, positron acceleration, and so on.  The implications of our research extend beyond HEP and also impact the other DOE offices reliant on practical compact acceleration technology under the accelerator stewardship program.  The ANL AARD group focuses on several interrelated matters. 

· The Argonne Wakefield Accelerator (AWA) facility. A resource unique to DOE, the facility maintains the world’s two highest charge RF photoinjectors, both capable of 100 nC per bunch.   The drive RF photoinjector beamline generates a 75 MeV, GW-class drive bunch train of variable pulse length and the witness RF photoinjector produces a 15 MeV, high-quality 1nC@1m witness bunch.
· RF Power generation. The group develops structures powered by the AWA drive bunch train to generate GW-level RF power, tunable frequency from 10 – 100 GHz, and of variable pulse length, a few – 50 ns. The RF power generated is currently used to power the main acceleration stage in the dielectric two-beam acceleration scheme being developed at Argonne, but can be used as a general purpose RF source as well.
· Two-beam acceleration (TBA).  Dielectric two-beam acceleration concept was first demonstrated at Argonne and is being developed into a practical compact accelerator techology.  Plans to test the main acceleration structures at 200-500 MV/m at the AWA facility are underway. 
· Collinear wakefield acceleration. Argonne is a pioneer in this field: (i) the place where the drive-witness technique used in collinear wakefield acceleration was invented; (ii) the first demonstration of both single-mode and multimode dielectric wakefield acceleration (DWFA); (iii) the highest transformer ratio achieved, (iv) gradients of 100 MV/m in dielectric structures was demonstrated, etc. Applications to high-gradient (200-500 MV/m) HEP machines and high-repetition rate, THz accelerator, FEL machines are under development.  High transformer ratios are required for both schemes.  
· High-brightness beams physics developments include: the generation of a flexible, GW scale drive bunch train and the associated diagnostics in the space-charge dominated regime; temporal electron bunch shaping and ring-beam generation both required for high transformer ratio; emittance preservation issues such as beam break up (BBU) control of the drive beam in wakefield structures. 
· Collaborations. We are actively involved in collaborations throughout the global accelerator community and we provide leadership roles in the High-Gradient Structure Studies and ILC Positron Source Design collaborations. The group hosts collaborators at the AWA facility, participates at other institutions, and organizes and hosts workshops.*employees of Euclid TechLabs, LLC

I. Experimental Work at ANL-HEP.

The group has operated AARD facilities for over 20 years in order to study and develop advanced accelerator concepts.  Several important wakefield and beam physics milestones have been achieved at the Argonne facilities during this time and we name just a few here: The invention of the drive-witness technique for the study of wakefield acceleration; the first ever observation of  wakefield acceleration in:  dielectric structures, metallic structures, and plasmas;  The first-ever demonstration of plasma wakefield acceleration in the underdense (non-linear) regime with UCLA;  wakefields measurement for detuned-SLAC NLC structure;  demonstration dielectric-based two-beam acceleration.

Since the last DoE AARD review, in parallel with a major facility upgrade, the group continues to lead or actively participate in a number of crucial AARD experiments. This experimental work can be broken down into three main categories:
· two-beam acceleration (TBA)
· collinear wakeifield acceleration
· collaborative experiments
which are summarized in the following three sections. A few selected experiments are highlighted in each section.
Two Beam Acceleration
Table 1. Experiments relevant to Two Beam Acceleration. 
	Key technologies
	Experiments:
2009-2012
	Scheduled Experiments:
2013-2014

	High charge bunch train generation
	1.  High QE cathode test: 2011
	1. 19MeV 32x40nC bunch train characterization: 2013 spring.
2. 75MeV 32x40nC bunch train characterization: 2013 summer.

	High freq. high power short pulse rf generation
	1. K-band (26GHz) high power rf generation: 2009.
2. High power rf test of dielectric PETS*: 2012.
	1. GW level X-band (11.7GHz) rf generation: 2013 winter.
2. Multi-hundreds MW K-band rf generation: 2013 fall.

	High grad. short pulse accelerating structure
	1. Tests of external powered DLA structures: 2009-2012.
2.  Multipactor suppression in DLA structures using a solenoid*: 2012
	1. Test of K-band (26GHz) short pulse high gradient accelerator: 2014 spring.
2. Two beam acceleration: 2014 spring.


*details in text.

Proof principle experiment of 26GHz short pulse rf generation.  As the first stage of proposed K-band TBA design, we have developed a 26GHz dielectric wakefield power extractor and tested at AWA 15MeV beamline in 2009. The experimental results successfully demonstrated a 15ns 26GHz rf pulse generated from a 16x2nC bunch train (see Fig. 1), and 20MW from 4x9nC. The same device will be tested at 75MeV beamline in 2013.
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Figure 1. a) 30cm long 26GHz dielectric wakefield power extractor; b) measured 26GHz rf pulse at AWA 15MeV beamline.

Dielectric PETS tested with desired rf power and pulse width at SLAC.  In order to construct an HEP machine based on the CLIC technology, the cost of the PETS (Power Extraction and Transfer Structure) remains a major concern. As an alternative to the copper-based PETS under development at CERN, we are developing dielectric-based PETS which is an attractive option due to its considerably lower cost. We (in collaboration with a Euclid DOE SBIR project) have developed a 12 GHz dielectric-based power extractor, dielectric PETS, which has similar RF generation performance to the CLIC PETS. In order to study the potential rf breakdown issues, a high power RF test of the 11.4 GHz version of dielectric PETS has been conducted recently at the SLAC ASTA facility. The structure has been successfully conditioned to the full output power of a single SLAC X-band klystron output: 40MW at 50ns and 100ns pulse width (see Fig. 2). The next step is to test the dielectric PETS to a higher power using the SLAC SLED system as time is available at the ASTA facility.
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Figure 2. a) Engineering design of the 11.4GHz version of dielectric PETS for high power rf test; b) assembled structure; c) testing data on Feb. 1, 2013 at SLAC.


Collinear Wakefield Acceleration
Table 2. Experiments relevant to Collinear Wakefield Acceleration.
	Key
technologies
	Experiments:
2009-2012
	Scheduled Experiments:
2013-2014

	Bunch shaping
	1. Demonstration of transformer ratio of 3.4 using ramped bunch train*: 2010
2. Longitudinal phase space measurement using half exchanger: 2011
	1. Triangular bunch generation: 2013 summer
2. Transform ratio enhancement through a shaped bunch : 2014 summer 

	High gradient wakefield structure
	1. Demonstration of the 1st tunable DWA: 2011 
2. 300MV/m  diamond  wakefield accelerator test*: 2012
	1. Collinear wakefield acceleration: 2014 fall 


*details in text.

Demonstration of 3.4 of the wakefield transformer ratio. In collinear wakefield acceleration the transformer ratio plays an essential role in increasing the acceleration gradient in a given structure and thus the energy gain in a single acceleration stage. It has a limit of 2 for a symmetric Gaussian bunch. In 2010, we delivered a ramped bunch train (where the charge of each bunch in the train is progressively increased along the train) through a dielectric wakefield accelerator (dielectric DWFA), we demonstrated a record high transformer ratio to date, 3.4, at AWA facility (Fig. 3). We are currently exploring another approach, using a single ramped bunch, to increase transformer ratio further.  
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Figure 3. a) Dielectric collinear wakefield accelerator installed in the AWA 15MeV beamline; b) schematic of laser optics to generate two drive bunches with a ramped charge and a witness bunch in the AWA photoinjector. 3.4 of transformer ratio was demonstrated.

300MV/m dielectric wakefield experiment at AWA.  In 2012 a 26GHz CVD diamond slab based wakefield structure was designed to test the breakdown limit using a high charge electron bunch. We have manipulated up to 72nC single electron bunch passing through the tube, which can generate 300MV/m gradient (35ns decay time) inside a pre-cut groove (purposely to create a local field enhancement). Through diagnostics during the experiment and the SEM images prior and post to the test, no breakdown signature was observed (Fig. 4).
[image: ]
Figure 4. a) 3D view of CVD diamond slab structure for rf breakdown test at AWA; b) half of the structure in the holder; c)SEM images of the laser pre-cut groove in one side of diamond slab the wakefield experiment, which does not show evidence of rf breakdown.

Collaborative Experiments
Table 3. Other collaborative experiments relevant to AARD program. (*details in text.)
	Experiments: 2009-2012
	Scheduled Experiments: 2013-2014

	1. Dipole modes characterization of PBG structure (AWA/Euclid/Tsinghua) *: 2009
2. Demonstration of the 1st two channel DWA (Omega-P/AWA): 2010
3. Alpha  BBO crystal based micro bunching generation (AWA/NIU): 2011
4. Fundamental metal surface emission study(AWA/Tsinghua Uni.): 2011
5. THz wakefield mapping (Euclid/AWA/ATF): 2011
6. Wakefield based energy chirp compensation (Euclid/AWA/APS/ATF) *: 2011 
7. High power THz generation using wakefield modulation (Euclid/AWA/ATF): 2011-2012
8. Ring beam generation (AWA/Omega-P): 2012 
9. DWA at FACET (UCLA/Euclid/AWA): 2012
10. Standing Wave DLA test (Euclid/NRL/AWA) : 2012 
	1. Wakefield characterization of CLIC choke mode cavities (Tsinghua/AWA/CLIC): 2013 spring
2. High power rf test of Muon high pressure cavity (Muon Inc./AWA): 2013 spring
3. Coaxial wakefield accelerator (Omega-P/AWA): 2013 summer
4. PBG power extractor (LNAL/AWA): 2014 spring
5. Dielectric multipactor study (Euclid/NRL/AWA): 2013-2014
6. DWA at FACET (UCLA/Euclid/AWA): 2013-2014
7. Fundamental rf breakdown studies (Euclid/AWA/SLAC): 2013-2014




The first transverse wakefield characterization of PBG structure. Photonic Band Gap (PBG) structures for particle acceleration have attract broad attention since its intrinsic feature of transverse mode damping. With the aim to experimentally study the wakefields in the PBG structure, the AWA group, in collaboration with Tsinghua University of China, designed, fabricated, and tested an X-band, three-cell-PBG accelerating structure. The result shows the signals of dipole modes decay significantly faster than the monopole modes (see Fig. 5). It successfully demonstrates the advantage of the PBG accelerating structure in terms of HOM suppression. This result agrees with earlier efforts, such as the bench measurement of a similar X-band PBG structure at MIT.
	

	[image: ]



	

	Figure 5. (a) Power spectrum of the typical wakefield signal from an off-axis bunch captured by the rf probe and the simulated electrical field pattern for each major mode; (b) Signal of the filtered fundamental monopole mode (11.55 GHz); (c) Signal of the filtered lowest dipole mode (14.46 GHz).



Demonstration of chirp compensation using a wakefield device. Originated from AWA two decades ago, the idea of correcting the unwanted beam energy chirp using its self-wake was demonstrated in 2012, in collaboration of Euclid, APS and ATF (see Fig. 6). This approach has a potential application in FEL light source. Our experimental results show a great impact and attract broad interests in other institutes.

[image: F:\my doc\DoE Review\chirp compensation.jpg]
Figure 6. The created energy chirp at ATF was corrected by the self wake of beam excited in a proper designed wakefield device.
II. A Test-Bed for Future HEP Accelerator Technology:   The Argonne Wakefield Accelerator (AWA) Facility. 

The AWA facility has recently undergone a series of upgrades in order to extend its reach to higher wakefield accelerating gradients (200 – 500 MV/m) and the generation of higher RF power levels (1 – 3 GW).   The AWA facility maintains two RF photoinjector beamlines (with nearly identical RF photocathode guns) that are capable of producing a unique set of beam parameters (Table 4) for the development of wakefield acceleration based technology. In this section, we present the capabilities of the upgraded facility.

Table 4: Beam parameters available at the upgraded AWA facility
[image: ]


Flexible accelerator test facility.  In order to experimentally investigate electron beam-driven wakefield acceleration concepts, generate high-power RF, and demonstrate new ideas, one requires a dedicated and flexible test facility with both a drive and witness beam.  The upgraded facility (Fig. 7) consist of a 75 MeV drive beamline to excite wakefields and generate RF power, a 15 MeV witness beamline to probe wakefields, and several beam switchyards for testing and demonstrating a variety of AARD concepts.

[image: ]
Figure 7) Simplified Block Diagram of the upgraded AWA facility.

75 MeV drive RF photoinjector beamline.  The flexible time-format AWA drive beam is a key technology required for wakefield acceleration R&D.  The AWA drive beamline (Fig. 8) will be able to generate a wide range of bunch trains formats depending on the need of the experiment (Table 4).  Using a laser multisplitter, drive bunch trains of variable duration (separated by one 
[image: ]
Figure 8) 75 MeV drive RF photoinjector beamline was installed during February 2013.

L-band RF period) and variable charge distribution can be produced for the generation of flexible high-power RF pulse formats.  Drive bunch formats include: (i) a single drive bunch of up to 100 nC; (ii) a bunch train of 10 electron bunches of 100 nC each; up to (iii) 32 electron bunches of 30 nC.  The limitation is that the total bunch train charge of approximately 1 C.  

1.5 Cell RF Photocathode Drive Gun.  The AWA is the home of the world’s highest charge RF photocathode gun, a 1.5 cell, normal-conducting, 1.3 GHz RF photocathode gun that was recently equipped with a Cs2Te photocathode.  The cesium telluride photocathodes are fabricated at Argonne and have consistently produced quantum efficiency values better than 10% with 254 nm light source and with variation of less than 5% over a circular area of 1.2 inches in diameter in the vacuum chamber. (As far as we know, this is probably the largest photocathode in an RF gun in the world.) The extremely large diameter of the photocathode is needed for generation of 100 nC bunches.

Six normal-conducting, rf cavities have recently been fabricated by a highly economical method at an estimated cost savings of greater than a factor of 3 when compared to previous approaches.   This method was developed by means of collaboration with SLAC and an industrial partnership with a local vendor, Hi Tech. The cost savings is due the efficiency of moving directly from 3D electromagnetic simulation to fabricated cavity in a single step, without any prototyping.  The cavities arrived at ANL directly from the brazing vendor within tolerance of the push-pull tuning divots.  The cavities were tuned and balanced in the Fall 2012 and installed in Winter 2013.  The cavity design is a seven-cell, standing-wave, 1.3 GHz cavity with an unloaded energy gain of 11.8 MeV at 10 MW. 

Three additional L-band RF power stations have recently been commissioned (Fig. 9) at the AWA facility to bring the total of RF stations to four. The three new klystrons consist of one 30 MW Litton klystron and two 25 MW Thales klystrons while their respective modulators were fabricated in house.  The total RF power generated is 110 MW of which approximately 96 MW is available to power the six new rf cavities in the drive beamline as well as the two RF photocathode guns. These new klystrons have recently been commissioned to full power (Fig.9a) and the waveguide system installed (Fig. 9b). 

	[image: ]
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	Figure 9a) Two newly commissioned RF Stations with Thales klystrons and in-house modulator.
	Figure 9b) A section of the newly installed RF waveguide distribution system.




Diagnostic for the AWA drive beam.  The AWA facility will produce a wide dynamic range of drive bunch train formats ranging from a single microbunch of 100 pC to bunch trains of up to 32 bunches spaced by 769 ps with up to 100 nC per bunch.   We are planning a comprehensive collection of diagnostics (Fig. 10) to fully characterize both the longitudinal and transverse beam properties including deflecting cavity + spectrometer for measurement of he longitudinal phase space.  Note that the most challenging part of the diagnostic system arises from the drive bunch train time format.  It poses two special challenges: (i) the close spacing of the drive bunches, 769 ps, makes resolving the individual bunches within a train difficult and (ii) the dynamic range of the bunch charge varies by x1000.  We plan to measure the charge along the drive bunch train for the wakefield accelerator with the signal from either a BPM or Bergoz FCT and a 15 GHz digital oscilloscope.  

[image: ]
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Figure 10: Block diagram of the AWA beamline (top) from the cathode to the end of 6th 1300 MHz rf cavity and (bottom) primary test area (D.U.T.) where wakefield measurements are made.  
III. The Near Term AARD Program at ANL-HEP. 

The AWA facility at Argonne was designed with the capability to focus on several interrelated matters that are relevant to the global linear collider (GLC) concept: high-power RF sources, two-beam acceleration methods, collinear wakefield acceleration methods, high-brightness beam source development, and beam diagnostic development.

The AWA Switchyard. Upon completion of the beamline commissioning, the AWA facility will add a beamline switchyard to allow concomitant experiments: (a) RF power generation and two beam acceleration; (b) collinear wakefield acceleration; (c) longitudinal beam manipulation (emittance exchange, etc.). This flexible beamline switchyard will allow a quicker and more efficient transition among several concurrent experimental setups.

(a) RF power generation and two beam acceleration. During the dielectric two-beam acceleration (dielectric TBA), the drive bunch train is transported from the end of the linac, through a bunch compressor, and into decelerating structures (Fig. 11) near the far end of the AWA bunker for the generation of high power RF.  This RF power is then extracted from the decelerator and transferred into the accelerating structures for acceleration of the witness beam.  
[image: ]
Fig 11) Beamline for RF power generation and two beam acceleration.

Dielectric TBA example. The goal is to achieve accelerating gradients on the order of 0.5 GV/m in structures with approximately 3 mm apertures. The generation and extraction of RF pulses with power levels on the order of GW shall also be demonstrated. As an example, Table 5 shows the main parameters of a pair of structures that will likely be tested as soon as the upgraded AWA Facility becomes available.Table 5: 26 GHz TBA structures
Decelerating structure
Accelerating structure
ID / OD / length (mm)
ID / OD / length (mm)
7.0 / 9.068 / 300
3.0 / 5.025 / 300
Dielectric constant  6.64
Dielectric constant  9.70
Group velocity 0.254 c
Group velocity 0.111 c
R/Q  9.79 k/m
R/Q  21.98 k/m
RF Power (50 nC) 1.33 GW
Rsh 50.44 M/m
Peak gradient 167 MV/m
E0 (1.26 GW) 316 MV/m
Energy loss 20.5 MeV
Eloaded (1.26 GW) 267 MV/m



(b) Collinear wakefield acceleration. The AARD group at Argonne has extensive experience with the generation and measurement of collinear wakefield acceleration ranging from cylindrical dielectric structures driven by bunch trains to coaxial dielectric structures driven by ring beams.  The drive and witness beams will be delivered from their respective beamlines into a merger for collinear propagation through a wakefield structure (Fig. 12).  The beamline will be equipped with the necessary diagnostic (not shown) for measurement of wakefields.
[image: ]
Fig 12) Beamline for Collinear wakefield acceleration.

DWFA example #1 (Table 6). The AARD group at Argonne has recently begun to explore an application for a high repetition-rate, soft X-ray FEL user facility based on the collinear dielectric wakefield accelerator (DWFA).  The key to this application is the creation of a double triangle bunch to generate a high transformer ratio (16.5).  The flexibility of the AWA facility is an ideal place to make a proof of principal study of this concept since the  special beam shaping beamline based on the emittance exchange beamline is located before the collinear wakefield section of the switchyard.  Table 6: Parameters (DWFA based FEL)
ID, OD, Length
400m, 465m, 10cm
Quartz, r , tan
3.75, 0.6x10-4
Freq. of TM01
850GHz, 
r/Q of TM01
94.1k/m
Vg of TM01
0.592c
Q
1.6nC/ drive bunch
Drive bunch length
3.3ps (1mm)
Unloaded gradient
114MV/m
Transformer ratio
16.5


Table 7: Parameters (DWFA )
ID / OD / length
3mm, 3.68mm, 20mm
Material (epsilon)
Quartz (3.75)
Freq. & Q of TM01
29.9GHz & 3625
Drive Energy
75MeV
Q per bunch
40nC
Number of bunches
8
Gaussian bunch length
2mm
Acceleration gradient 
500 MV/m


 DWFA example #2 (Table 7). A high-gradient accelerator application based on the collinear DWFA scheme is also under development.  The goal is to achieve accelerating gradients on the order of 0.5 GV/m in structures with approximately 3 mm apertures. As an example, Table 4 shows the main parameters of the collinear DWFA structure.   This structure is 20mm in length and is driven by a drive train of 8 bunches of 40 nC each.  


(c) Longitudinal bunch shaping beamline. As part of the overall high brightness beam physics program we are developing advanced beam manipulation techniques for various wakefield acceleration methods.  Due to our experience with emittance exchange (via collaboration with APS, NIU, and FNAL) we currently have a program to achieve high transformer ratio (a key figure of merit for wakefield acceleration) through the generation of asymmetric longitudinal current profiles.  Traditionally, it has been very difficult to manipulate the longitudinal beam profile but a new technique based on a transverse mask placed before an emittance exchange beamline (Fig. 13) shows great promise.  
[image: ]
Fig 13) Longitudinal bunch shaping beamline. Both a magnetic chicane and an EEX beamline are available for manipulation of the longitudinal distribution.

High-brightness beam physics and diagnostic development.  In addition to the high-charge R&D performed with the AWA drive beam, we also pursue an active beam physics and instrumentation program for beams in the more conventional 1 nC regime.  This level of charge is relevant to many applications including the main beam in a linear collider and the drive beam in very high-frequency collinear wakefield acceleration schemes as in the DWFA based FEL application discussed above.   Understanding, controlling, and diagnosing high-brightness electron beams are thus crucial to success of a future HEP linear collider.  

−The ramped bunch train (RBT) method was first used at Argonne to demonstrate an enhanced transformer ratio, R>2. As an example, a collinear DWFA structure, is driven by a train of Gaussian drive bunches with an overall triangular pattern. The bunches are created by sending a single laser pulse through the laser multisplitter (Fig. 14) with non-50/50 beam splitters. The bunches are separated by distance d=2.5 . (in general, multiples of 0.5), where  is the wavelength of the wakefield. The ratio of the charge is 1:3:5:7; and Rn increases as Rn = 2*n.  More recently, the RBT method was used in the AWA facility to experimentally demonstrate a transformer ratio of R=3.4, which is the highest measured value to date.[image: ]
Fig 14) Laser multisplitter used for RBT generation. 



−Tunable, high-frequency (50—300 GHz) electron bunch trains can be generated at the AWA facility (Fig. 15) for the exploration of high frequency wakefield generation.  The electron bunch trains are produced from an RF photocathode gun illuminated by a high-frequency laser pulse train.  Spacing is controlled by the laser pulse train spacing (via the UV birefringent crystals, -BBO) and a variable R56 dogleg.  The electron bunch train is characterized with an RF defecting cavity.  Recently, the first experimental demonstration of this tunable high-frequency demonstration method was performed at the AWA facility and resulted in a train frequency of nearly 100 GHz.

[image: ]
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Fig 15) High-frequency, tunable bunch train generation at the AWA facility.

Collaborations are an essential part of the AARD group activities. The ANL-HEP group has two core collaborators as well as a number of others as we describe below. 

−Euclid Techlabs LLC is one of the leading small business companies working intensively in development of accelerator technologies. Through a long standing collaboration Euclid Techlabs and AWA group have a long history of successful experimental development and demonstration of high gradient wakefield, externally-powered dielectric-based accelerating structures, and other critical technologies and fundamental physics. Examples include the first demonstration of  enhanced transformer ratio in a collinear wakefield acceleration, demonstration of the first tunable wakefield accelerator, the first demonstration of wakefield based energy compensation, and demonstration of high power rf generation using dielectric wakefield power extractors, etc. 
Euclid Techlabs has reputation to make the deliverable results, complete the final products, or discover new physics in the awarded DoE SBIR grants. As a supplementary source, a portion of Euclid SBIR funding goes directly to ANL-HEP for the use of the AWA facility and for technical manpower and support of the joint Euclid/AWA SBIR funded projects.

−ILC positron development. Over the past several years, driven by the needs of the international linear collider design, we have provided leadership in technical area of polarized positron source studies for ILC Global Design Effort (GDE). We have performed a comprehensive study of both the undulator-based and the Compton-based e+ sources, organized several workshops and produced the technical design report for ILC this year.  We have made design and prototyping of major ILC e+ components for a 300 GeV center of mass machine, with possible extension (although complicated) to 1000 GeV.  

−Other select collaborators: 
· Externally driven high-power RF tests of dielectric based X-band structures are done in collaboration with S. Gold at NRL and S. Tantawi at SLAC.   This allows for an alternative method to study dielectric multipactor and for the development of dielectric based power extraction devices.
· Collaboration with UMD to diagnose the photoelectron beam directly out of RF PC gun; difficulty of applying the standard diagnostics to space-charge dominated beams.  Working with collaborators at UMD, we are developing an OTR based technique that will yield rms emittance directly out of the gun.
· Working with NIU collaborators we have generated high-frequency bunch trains and made fundamental space-charge physics studies. Space-charge induced tail formation was observed when 5 beamlets were launched from the photocathode and tracked down the beamline.  Working with NIU collaborators, the measurements were benchmarked with ImpactT. 
· Collaboration with the CLIC group at CERN and Tsinghua University on the physics of breakdown in high-gradient cavities Schottky-enabled Photoemission and Dark Current Measurements - an Alternate Approach to Fowler Nordheim Plot Analysis. In addition, we collaborate of the designing and fabricating of accelerating structures with Tsinghua University. Such as hardware now in use in the AWA facility. For example, a PBG structure, a deflecting cavity, and a metallic wakefield power extractor.
· Development of diamond based wakefield structures as part of a collaborative research program at FACET
· Collaboration with Yale-OmegaP on the development of wakefield structures including the two-channel rectangular DWFA structure and a coaxial DWFA structure driven by a ring beam.
· Organizing committee member and participant in the U.S. High Gradient Structures Study Collaboration.
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